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1 Introduction

Temperature and heat flow, respectively, can have a significant impact on the behav-
iour of rock and rock masses. One can distinguish two different directions starting from
room temperature (20 °C):

» Temperature decrease, becoming important if temperature falls below zero
(freezing point of water)

= Temperature increase (all values above 20 °C)

This e-book chapter treats only the second case: rock behaviour at elevated tempera-
tures.

When rocks are exposed to elevated temperatures, they are damaged by thermal
cracking which is caused by the accumulation of internal stresses. Many researchers
(e.g. Chen and Wang, 1980; Heap et al., 2013) have found that thermal stresses are
mainly controlled by

(a) the constituents of the rocks (minerals and pore fillings have different thermal
expansion characteristics, see Tab. 1),

(b) thermal expansion anisotropy within individual minerals and,
(c) thermal gradients.

Also important are the boundary conditions. The induced damage leads to reduced
strength and stiffness values. The reaction of rocks and rock masses due to thermal
impacts are important for several geo-engineering projects or tasks, for instance:

= Deep geothermal energy

= Deep mining

» Petroleum engineering

= High-level nuclear waste storage

= Cutting and drilling processes as well as novel rock excavation methods
= Solar heating of rock monuments and buildings

» Fires in tunnels, mines and buildings
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Tab. 1: Linear thermal expansion coefficients for selected minerals (Siegesmund et al. 2011)

Linear thermal expansion coefficient

Mineral Parallt[all<t_?]c-axis Perpendi([:lzl_all]r to c-axis Temp. range [°C]
Calcite 25.1 x 10© -5.6 x 10 0-85
Dolomite 25.8 x 10 6.2 x 10° 24-700
Quartz 7.7 x 10 13.3 x 10 0-80
Albite 10.5 x 10 5.6 x 10© 25-970
Gypsum 54 x 10 7-117 x 10 25-42
Micas 8.7 x 10 17.8 x 10°® unknown
Clay 6 x 10° 15 x 10 25-350
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2 Basic laws and parameters
Basic parameters for thermal calculations are:

= Temperature (T) K]

* Specific heat (capacity) (c) [J-kgtKY]
*= Thermal conductivity (k) [W-m-K1]
= Heat flux (q) [W:m2]

* Thermal diffusivity (k) [m2-s7]

= Thermal expansion coefficient (a) [KY]

Heat is the amount of energy flowing from a warmer object to one with lower tempera-
ture. Specific heat is the amount of heat per unit mass required to increase the tem-
perature by one degree Kelvin. The thermal diffusivity describes the transfer rate of
heat from a warmer to a colder object. Heat flow in rocks can be performed by conduc-
tion (heat is carried by solid constituents of the rocks) and/or convection (heat is carried
by fluid flow inside the rock). The governed equation for heat conduction (also applica-
ble for convection) is Fourier’s law (product of thermal conductivity tensor and temper-
ature gradient [K-m-]:

q = kij 'VTJ (1)

For connective boundary condition, gn is the component of the flux normal to the
boundary in the direction of the exterior normal, h is the convective heat-transfer coef-
ficient [W / (m?°K)]:

qn = h(T _Te) (2)

Temperature increase can produce, depending on boundary conditions, additional
stresses and/or strains according to the following equations (K = bulk modulus):

Ao, =68, -3-K-a-AT (3)

Ag; =6 -a-AT (4)

Thermal diffusivity — a measure for heat transfer rate - is defined as follows:

K,
. 5)
p-C
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3 Lab testresults

3.1 Crack initiation and propagation

Microscopic observations have shown that more and more thermal microcracks will
occur with increasing temperature as Fig. 3.1 indicates. Thermal induced cracks lead
to modifications of the mechanical properties with increasing temperature as docu-
mented in the following chapters.

3.2 Density

Density of rocks decreases with increasing temperature due to volumetric expansion
and the release of volatile matter (mass loss) (Otto and Kempka 2015). Exemplary,
Fig. 3.2 shows that the decrease of granite density up to 1000 C is relatively small
compared with the values at room temperature.

(a) T=600°C

Fig. 3.1 Optical microscopic observations of thermal induced microcracks in granite specimens, bc -
boundary crack, tc - transgranular crack, F - Feldspar, Q — Quartz and B - Biotite (Yang et al., 2017)
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Fig. 3.2 Normalized bulk density vs. temperature for granite samples
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3.3 Uniaxial compressive strength (UCS)

The trend of UCS change is complex at elevated temperatures, although it is more
likely to decrease with increasing temperature. As shown in Fig. 3.3 and Fig. 3.4, dif-
ferent rocks including sandstone, marble and granite show different patterns. Even for

the same type of rocks the strength development can be different.
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Fig. 3.3 Normalized UCS of different types of rocks vs. temperature (Brotons et al., 2013)
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3.4 Tensile strength

For most rocks, tensile strength will decrease with increasing temperature, especially
after 400°C where the decreasing rate becomes much higher (fig. 3.5). However, for
some rocks like Patrik granite in fig. 3.5, the tensile strength evolves in a nhon-mono-
tonic manner with temperature. Guha Roy & Singh (2016) showed that the decrease
of tensile strength of granite is negligible below 250 C.
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Fig. 3.5 Normalized tensile strength of granite samples vs. temperature (Wang and Konietzky, 2019)

3.5 Cohesion and friction angle

In general, cohesive strength will reduce at higher temperatures (see fig. 3.6), but the
relationship between friction angle and temperature is hard to predict and very different
for different rocks. In fig. 3.7, friction angles of different granites show a distinct different
pattern at elevated temperatures.). Compared with cohesion, the temperature depend-
ency of friction angle is less significant and to some extend questionable (Wang and
Konietzky, 2019). Heuze (1983) suggests at least a decay to zero towards the melting
temperature of the rock.
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Fig. 3.6 Normalized cohesion of granites vs. temperature (Wang and Konietzky, 2019)
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Fig. 3.7 Normalized friction angle of granites vs. temperature (Wang and Konietzky, 2019)

3.6 Young’s modulus and Poisson’s ratio

Development of Young’s modulus with increasing temperature can also be quite differ-
ent as shown in fig. 3.8. Some rocks exhibit a clear decrease in elastic modulus at
elevated temperatures, while some rocks firstly experience a slight increase within a
certain temperature range (e.g. 25 — 200 °C). But for all rocks, elastic modulus will
finally decrease to a much lower level after critical temperatures (e.g. 600 °C).

Poisson’s ratio decreases slightly with increasing temperature between 25 °C and
400 °C (fig. 3.9). However, the value might increase strongly beyond a critical temper-
ature (e.g. 600 °C). But this trend is not yet profound due to limited available experi-
mental data beyond 600 °C and might be different for different types of rock.
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Fig. 3.8 Normalized elastic modulus vs. temperature after heat treatment (Brotons et al., 2013)
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Fig. 3.9 Normalized Possion’s ratio of granites vs. temperature (Wang and Konietzky, 2019)

3.7 Linear thermal expansion coefficient

Thermal expansion is the tendency of matter to change in shape, area, and volume
in response to a change in temperature. Different rocks have different expansion co-
efficients (see tab. 2). The values of coefficient of linear thermal expansion for gran-
ites increase with temperature and pressure, and they are strongly reduced beyond

the a-B transition temperature of quartz (fig. 3.10).
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Fig. 3.10 Normalized thermal expansion coefficient of granites vs. temperature: a and f means linear

and volumetric values, respectively (Wang and Konietzky, 2019)
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Tab. 2 Thermal expansion coefficients for several rock types (Siegesmund et al., 2011)

Linear expansion coefficient [1076 K™]

Rock class Rock type Average Max Min
Magmatic 8 rock types 7.4 10 5
Metamorphic marbles 11 15 8
gneiss, schist 7.9 9 6
quarzitic rocks 12.5 14 11
Sedimentary  calcareous sandstones 7.5 8 7
limestones 4 6 2
travertine 5 6 4
sandstones 10.8 12 9.5
15 ¢
14 | —= :
13 - T - L .
= - 15 —
12 - B /
11 A
SJE 1k /_/ Salisbury granite (Dwivedi et al. 2008)
S USSR granite (Dwivedi et al. 2008)
0.5 r Charcoal gray granite (Lindroth and Krawza 1971)
08 - Rockville granite (Lindroth and Krawza 1971)
07 L = Jasper quartzite (Lindroth and Krawza 1971)
Average
0.6 F
— Fitting line
0.5 : ' '
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Fig 3.11 Normalized specific heat of granite samples vs. temperature (Wang and Konietzky, 2019)

3.8 Specific heat capacity

Fig. 3.11 shows that values of specific heat increase with temperature for all granites,
but again some discontinuity is observed by the a-B transition of quartz at around
600°C.

3.9 Thermal conductivity

Thermal conductivities of crystalline rocks decrease with increased temperature. In
general, the higher the conductivity of the rock, the greater is the decrease with in-
creasing temperature. On the basis of lab test results for seven granites an empirical
correlation has been developed (Heuze, 1983; Dwivedi et al., 2008) for the tempera-
ture range 30 °C to 300 °C:

k=2.63-2.80-10"°T +1.43-10°T?, (6)
where k is in W/(m-°C) and T is the temperature in °C.

From Fig. 3.12, we can see that the empirical law proposed by Heuze is also suitable
for higher temperatures.
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Fig. 3.12 Normalized thermal conductivity of granites vs. temperature (Wang and Konietzky, 2019)

Page 11 of 20



Thermal behaviour of rocks

Only for private and internal use! Updated: 23 May 2019
4 Applications

4.1 Thermo-mechanical coupled modelling of granite specimen

A cylindrical granite specimen, 50 mm in diameter and 100 mm in length (Fig. 4.1), is
heated in all directions. Because the sample is completely symmetric, only one quarter
is used for simulation with two perpendicular symmetry planes. The bottom is fixed in
vertical direction. All temperature-dependent parameters are assigned heterogene-
ously like shown exemplary in fig. 4.2 for the tensile strength. The sample is heated
starting from room temperature (25 °C) at a constant heating rate (e.g. 5 °C/min).

Fig.4.1 Schematic diagram of the granite model
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Fig. 4.2 Distribution of temperature-dependent tension strength (other parameters show similar pat-
tern).
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Fig. 4.3 shows the temperature distribution of the sample with temperature-dependent
parameters. The temperature along the scanline is also plotted. When the sample
boundary is heated to 800 °C, the maximum temperature difference between the
boundary and the centre is about 22 °C.

Exemplary, Fig. 4.4 shows the positions of thermally induced cracks (elements with
tensile and/or shear failure) after heating to about 400 °C, 600 °C and 800 °C. Thermal
induced damage leads to softening like illustrated in Fig. 4.5, which shows simulated
stress-strain curves for rock samples under uniaxial compression after heating up to
certain temperatures.
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Fig. 4.3 Temperature distribution within the sample with temperature-dependent parameters
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Fig. 4.4 Failed zones (0: undamaged, others: different damage types) in a heterogeneous granite sam-
ple after heating to certain temperatures
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Fig. 4.5 Simulated stress-strain curve for uniaxial compression test on granite samples heating up to
certain temperatures according to Fig. 4.4
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4.2 Thermo-mechanical coupled behaviour of heated porous rock sample

This example shows thermo-mechanical coupled simulations of a Voronoi-body based
discrete element model (Fig. 4.6) for sandstone. Due to temperature distribution ther-
mal cracking is observed as shown in Fig. 4.7. It has to be mentioned that this model-
ling is performed at the grain size level and pores are filled with an artificial injection
material with different thermal expansion coefficient.
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Fig. 4.7 (a): Temperature distribution and (b): crack pattern at thermo-mechanical equilibrium (cyan:
rock matrix, green: pore filling, blue: cracks) (Li, 2017)
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4.3 Example: Thermo-mechanical coupled behaviour of arock sculpture

This example is a fundamental numerical study about the behaviour of a rock monu-
ment exposed to extreme sunshine. A heating up to 50°C is assumed. The sculpture
consists of a pedestal and monument upon it. The sandstone monument has fillings
with larger thermal expansion coefficient (rock:a =1-107 K™, filling: o =6.5-107"K™).
This produces compressive stresses (pressure) inside the fillings, but tensile stresses
at the periphery. These tensile stresses can produce tensile cracks and fractures de-
pending on tensile strength and fracture toughness of the rock, respectively. Note, that
an additional mechanical vertical compression acts at the pedestal.

Fig. 4.8: Thermal stresses in a stone monument after heating to 50°C (left: Voronoi structure of numer-
ical model; right: principal stresses after heating — green: compressive stresses, red: tensile stresses)
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4.4 Thermo-mechanical coupled simulation of high-level waste storage facility

TM- and HTM-coupled simulations are used to investigate the impact of heat produc-
tion by high-level nuclear waste stored in underground repositories. The radioactive
decay will produce heat for a long time, which will produce thermal induced stresses
and deformations, but also additional pore water pressure. Fig. 4.9 shows the temper-
ature distribution for a large scale model of a fictitious repository with 13 storage cham-
bers several 100 meters below surface (left side of the model is a symmetry plane).
Below the temperature development for selected observation points underground is
shown.

4.5 Thermo-mechanical simulations of rock behaviour for underground coal
gasification

A coupled thermo-mechanical model has been developed to assess permeability
changes in the vicinity of an underground coal gasification reactor resulting from exca-
vation and thermo-mechanical effects (Otto and Kempka, 2015). Simulation results
demonstrate that thermo-mechanical rock behaviour is greatly influenced by tempera-
ture-dependent parameters, but only insignificant differences in spatial permeability
development are observed (Fig. 4.10).

4.6 Thermo-mechanical behaviour of rock salt

A thermo-mechanical benchmark for a heated borehole (Fig. 4.11) was conducted.
The particular aim of this work was to check and compare the description of the tem-
perature dependence of transient and steady-state creep of rock salt with the involved
constitutive models.
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Fig. 4.9: Temperature development in a hypothetical underground nuclear repository for high-level
waste. Top: temperature field (K) 100 years after emplacement of waste, bottom right: temperature de-
velopment (K) versus time (years) for several observation points in different distance to the waste
packages.
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Fig. 4.10 Permeability changes show negligible differences for (a) temperature-dependent and (b)
temperature-independent parameters. The difference in regions of high permeability increase is only
marginal, extending to 0.17 m above and 0.65 m below the reactor. The grey solid line represents the
200 °C isotherm (Otto and Kempka, 2015).
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Fig. 4.11 Benchmark calculations of the heated borehole: (a) Illustration of the Heated Free Conver-

gence Probe (HFCP) in the borehole, (b) calculated temperature distribution at the end of heating (day
19) in a model section around the heated zone of the borehole wall (Hampel, 2013)
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